Introduction
============

Extreme environmental perturbations, such as drought, cold, high salinity and temperature influence the growth, survival and productivity of plants. The economically important cereal crops like rice are severely affected due to the adverse environmental onslaughts leading to heavy losses in yield. During abiotic stress conditions, the transcript levels of various stress-responsive genes are altered in plants. Several transcription factors (TFs) are known to be prominently involved in abiotic stress responses. They are major components of transcriptional regulatory networks called regulons as they modulate the expression of several downstream target genes during abiotic stresses in plants ([@B33]; [@B48]; [@B45]). TFs have been used as potent tools to engineer abiotic stress tolerance in plants ([@B17]; [@B52]). Over-expression of several abiotic stress-responsive TFs, like DREBs, AREBs and NACs led to the generation of stress-tolerant transgenic plants without loss in crop yield ([@B33]; [@B45]). However, function of most of the TFs still remains unexplored in context of abiotic stress tolerance.

Homeobox TFs are known to play an integral role in crucial developmental processes in plants and have been found to be differentially expressed under abiotic stress conditions in various crop species. Some of them have been characterized via transgenic/mutant analysis in model plants ([@B14]; [@B35]; [@B22]; [@B56], [@B57]; [@B32]; [@B59]; [@B58]; [@B9]; [@B5], [@B7]). These evidences indicate that homeobox TFs can act as mediators of plant growth response under different abiotic stress conditions. Thus, homeobox TFs have been speculated to act as promising candidates for crop improvement ([@B58]; [@B6]; [@B9]; [@B57]). However, only few studies have explored the role of rice homeobox TFs in abiotic stress responses so far ([@B28]; [@B58]) and functional characterization of most members of rice homeodomain-leucine zipper I (HD-ZIP I) subfamily remains to be carried out as of now. Interestingly, interaction of homeobox TFs with members belonging to same family and other proteins have also been reported ([@B31]; [@B24]; [@B14]; [@B46]; [@B7]). Further, DNA binding properties of homeobox TFs have also been explored to some extent ([@B40]; [@B38]; [@B31]). In addition, some studies have reported the identification of few downstream target genes of homeobox TFs ([@B13]; [@B29]; [@B3]). However, the exact regulatory role of homeobox TFs in abiotic stress responses has not been deciphered till now.

In our previous study, we showed differential regulation of *OsHOX24* under abiotic stress conditions in rice and also demonstrated that its over-expression imparts higher sensitivity to abiotic stresses in transgenic Arabidopsis ([@B7]). Here, we further characterized the function of *OsHOX24* by raising over-expression transgenic rice plants. We assessed the rice transgenics under various abiotic stress conditions at different developmental stages. In addition, global transcript profiling enabled us to recognize diverse downstream target genes of OsHOX24. Our investigation demonstrated the role of *OsHOX24* in abiotic stress responses via controlling stress-responsive gene expression.

Materials and Methods {#s1}
=====================

Generation of Rice Transgenics
------------------------------

To over-express *OsHOX24* in rice, PCR amplified complete open reading frame (ORF) \[using gene specific primers (Supplementary Table [S1](#SM1){ref-type="supplementary-material"})\], was cloned in modified pCAMBIA1301 vector in *Bam*HI/*Kpn*I restriction sites. The confirmed clone was transformed in *Agrobacterium* strain LBA4404. Rice seeds \[*Oryza sativa* cultivar Pusa Basmati 1 (PB1)\] were used as background for generation of transgenic plants. The transformation of embryogenic calli derived from the scutellum of dehusked mature rice seeds was done as described previously ([@B42]). Rice transformants were confirmed by Southern blotting. Seeds obtained from T1 generation plants were screened on Murashige--Skoog (MS) media supplemented with hygromycin (40 mg/L). Further, segregation ratio of each confirmed transgenic line was estimated and transgenics were grown till homozygous stage to obtain seeds for future analyses.

Phenotypic Assays
-----------------

To study the effect of transgene in over-expression rice transgenics, phenotypic characterization of wild-type (WT) and rice transgenics over-expressing *OsHOX24* was carried out. Three-week-old rice seedlings grown in the culture room, were transferred to pots and grown till maturity with optimum supply of water. Growth of plants was monitored and several phenotypic parameters, like shoot length, flag-leaf area, number of panicles and tillers per plant were documented in three independent biological replicates, consisting of at least 13--15 plants per line.

Seed Germination and Stomatal Opening/Closure Assays
----------------------------------------------------

To assess the performance of rice transgenics under abiotic stress conditions, seed germination assays were carried out. Seeds from transgenic and WT plants were plated on MS medium without or with ABA (5 and 10 μM), 200 mM NaCl, 200 mM mannitol and -0.4 MPa PEG 6000. Seed germination was recorded after 3 days of transferring the plated seeds to culture room except for PEG 6000 treatment (germination was recorded after 7 days). The number of germinated seeds (considering radicle emergence as seed germination parameter) was expressed as percentage of total number of seeds plated, as described earlier ([@B12]). Each experiment was repeated at least three times.

For stomatal opening/closure assays, 7-day-old rice seedlings were kept in Yoshida medium (experimental control) and subjected to exogenous ABA treatment (100 μM) for 3 h. After incubation, leaf sections were visualized under scanning electron microscope (Zeiss EVO LS10, Germany) and stomatal status (opened/partially opened/closed) were analyzed for each sample. The experiment was repeated at least three times.

Evaluation of Plants under Abiotic Stress Conditions
----------------------------------------------------

For evaluating the effect of salinity and desiccation stresses (DSs) on seedlings, WT and *OsHOX24* rice transgenics (H1, H49 and H74) were grown on MS medium supplemented without or with NaCl (200 mM) and PEG 6000 (20%) in the culture room for 12 days. The root and shoot lengths of seedlings grown under control and stress conditions were measured. The relative average root and shoot lengths under salinity and DS conditions were expressed as percentage of root and shoot lengths of the seedlings under control condition. The experiments were performed in at least three independent biological replicates.

To assess the effect of DS, rice transgenics and WT plants, grown in greenhouse for 2 months till mature vegetative stage (6 weeks) and reproductive stage (15 weeks) were subjected to DS by withholding water for 5 weeks, followed by 2 weeks of recovery. WT and transgenic plants of same age served as experimental controls. Plant growth was monitored at all stages and phenotype of plants under control and DS followed by recovery phase was documented. To determine the effect of DS, chlorophyll content in transgenic and WT leaves under desiccation and control conditions at mature and reproductive stages after recovery phase, was estimated using a Chlorophyll Meter (SPAD-502, Japan). To assess the effect of DS, number of turgid leaves was counted and survival percentage of plants was calculated after recovery. In addition, rate of water loss in transgenic and WT leaves at mature and reproductive stages were estimated as described ([@B12]). The experiments were performed in at least two independent biological replicates.

Leaf Disk Assays
----------------

To determine the effect of DS on rice transgenics and WT, leaf disk assays were carried out. Healthy and fully expanded leaves from 2-month-old WT and rice transgenics were detached and 4--5 leaf disks were floated in sterile water (experimental control) or 20% PEG 6000 solution and samples were incubated under culture room conditions for 3 days. The effect of DS was assessed by monitoring phenotypic changes and measuring chlorophyll content of leaves relative to control samples. Chlorophyll was extracted from leaf samples and the amount of chlorophyll a, chlorophyll b and total chlorophyll was calculated as described previously ([@B42]).

Statistical Analysis
--------------------

All the experiments were performed in at least two or three independent biological replicates and standard error (SE) was computed. For estimation of statistical significance, Student's *t-*test was performed. Statistically significant differences between WT and transgenics or between control and stress conditions (^∗^*P* ≤ 0.05 and ^∗∗^*P* ≤ 0.01) were denoted by asterisks.

Microarray Analysis of Rice Transgenics
---------------------------------------

Total RNA isolated from 3-week-old transgenic and WT seedlings subjected to 3 h of control and DS treatment were used for microarray analysis and quality control of samples was carried out as described ([@B42]). Microarray analysis for rice seedlings was performed using Affymetrix WT PLUS Reagent kit (Affymetrix, Santa Clara, CA, USA) in three independent biological replicates, according to manufacturer's instructions. Normalization of microarray data was done by Robust Multi-array Average (RMA) algorithm implemented in Genespring software version 12.6. The microarray data has been submitted in the Gene Expression Omnibus database at NCBI under series accession number [GSE79212](GSE79212). Differential gene expression analysis was performed as described earlier ([@B42]).

Gene ontology (GO) enrichment was performed using BiNGO. The stress response pathway analysis was carried out using MapMan (version 3.5.1)^[1](#fn01){ref-type="fn"}^ with *P*-value cut-off of ≤0.05. Venn diagrams and heatmaps were generated using online tools, VENNY^[2](#fn02){ref-type="fn"}^ and MeV (version 4.9), respectively.

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) Analysis
-------------------------------------------------------------------------------

For gene expression profiling, total RNA isolation, first-strand cDNA synthesis and qRT-PCR analysis were performed as described previously ([@B42]). Experiments were conducted in at least two biological replicates for each sample and three technical replicates were analyzed for each biological replicate. ΔΔC~T~ calculation method was used to calculate relative expression level of each gene. For normalizing the relative mRNA level of individual gene in various RNA samples, *Ubiquitin 5* (*UBQ5*) was used as internal control gene ([@B21]). Results of microarray experiments were validated by qRT-PCR analysis of selected differentially expressed genes. The list of primer sequences used for qRT-PCR analysis has been provided in Supplementary Table [S1](#SM1){ref-type="supplementary-material"}.

Results
=======

Generation of Transgenic Rice Plants Over-expressing *OsHOX24*
--------------------------------------------------------------

The complete coding region of *OsHOX24* was over-expressed under the control of *ubiquitin (UBQ)* promoter (*UBQ::OsHOX24*) in rice (**Figure [1A](#F1){ref-type="fig"}**). A total of 18 hygromycin-resistant T0 transgenic plants were obtained. Three of these lines, exhibiting 3:1 segregation ratio in T1 generation and confirmed by Southern blotting, were used for further analyses. The enhanced expression level of transgene in all the selected transgenic lines as compared to WT was detected by real-time PCR analysis (**Figure [1B](#F1){ref-type="fig"}**). The relative expression level of *OsHOX24* was found to be highest in H74 line followed by H49 and H1 lines.

![**Over-expression of *OsHOX24* in rice.** **(A)** Schematic representation of *OsHOX24* over-expression construct used for raising rice transgenics. **(B)** Relative expression profiles of *OsHOX24* in the rice transgenic lines (H1, H49 and H74) as compared to wild-type (WT) are shown. Values are mean (*N* = 3) from three independent experiments. Error bars indicate SE.](fpls-08-00628-g001){#F1}

We did not observe any detectable phenotypic differences in the *OsHOX24* rice transgenics as compared to WT at the seedling stage under control conditions (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). However, over-expression of *OsHOX24* resulted in significant alteration in the phenotype of rice transgenics (as compared to WT) at the reproductive stage (Supplementary Figure [S2A](#SM1){ref-type="supplementary-material"}). Transgenic lines showed significantly reduced shoot length (87--89%) (Supplementary Figure [S2B](#SM1){ref-type="supplementary-material"}) and smaller flag-leaf area (61--81%) as compared to WT (Supplementary Figure [S2C](#SM1){ref-type="supplementary-material"}). Moreover, the number of panicles (Supplementary Figure [S2D](#SM1){ref-type="supplementary-material"}) and tillers (Supplementary Figure [S2E](#SM1){ref-type="supplementary-material"}) were also found to be lesser in the transgenic lines as compared to WT. In transgenic lines, panicle and tiller numbers ranged from 65--73% and 69--73%, respectively, as compared to WT (Supplementary Figures [S2D,E](#SM1){ref-type="supplementary-material"}). These observations indicated the role of *OsHOX24* in modulating plant phenotype during reproductive development in rice.

Rice Transgenics Showed Reduced Germination and Impaired Stomatal Closure under Abiotic Stresses
------------------------------------------------------------------------------------------------

To evaluate the effect of stress hormone, ABA and abiotic stress conditions (osmotic, salinity and desiccation) on the transgenic lines and WT, seed germination assays were carried out. The percentage germination of transgenic lines was much lesser as compared to WT on MS medium supplemented with different concentrations of ABA (5 and 10 μM), NaCl (200 mM), mannitol (200 mM) and PEG 6000 (-0.4 MPa) \[equivalent to 20% PEG 6000\] (**Figure [2](#F2){ref-type="fig"}**). Exogenous ABA treatment resulted in greater susceptibility of transgenics as compared to WT. For instance, transgenics showed only about 53% germination after 3 days on 5 μM ABA as compared to 66% for WT. At 10 μM ABA, WT showed 61% germination in comparison to 28--45% germination of transgenics (**Figure [2A](#F2){ref-type="fig"}**). Under salinity stress (200 mM), WT exhibited 62% germination, whereas transgenic lines exhibited significantly reduced germination (28--42%) (**Figure [2B](#F2){ref-type="fig"}**). Similarly, the effect of osmotic stress (200 mM mannitol) on germination was found to be more prominent on transgenics (**Figure [2B](#F2){ref-type="fig"}**), which showed only 22--24% germination in comparison to WT (63%). Under DS (20% PEG 6000 treatment), transgenic lines showed 63% germination as compared to 81% in WT (**Figure [2B](#F2){ref-type="fig"}**). Overall, these results indicated that *OsHOX24* over-expression altered seed germination in the transgenic plants under abiotic stress conditions. Among the transgenic lines, H49 exhibited greater susceptibility to different abiotic stresses.

![**Over-expression rice transgenics show higher sensitivity to abiotic stress conditions during seed germination and impaired stomatal closure under exogenous ABA treatment.** Effect of ABA **(A)** and abiotic stress treatments **(B)** \[200 mM NaCl, 200 mM mannitol and (--0.4 MPa) PEG 6000\] on seed germination of WT and rice transgenic lines (H49 and H74) is represented. In case of NaCl and mannitol, seed germination after 3 days have been reported, whereas germination of seeds on PEG 6000 recorded after 7 days, have been reported. The number of germinated seeds was expressed as the percentage of total number (15--20) of seeds plated. Values are mean (*N* = 3) from at least three independent experiments. Error bars indicate SE. Data point marked with asterisk (^∗^ *P* ≤ 0.05) indicate statistically significant difference. **(C)** Bar graph depicting the percentage of different stomata types \[opened (OS), partially opened (POS) and closed (CS)\] recorded in WT and rice transgenic lines under control condition and exogenous ABA treatment. At least 50 stomata were analyzed for each line under each condition. The representative images showing different stomata types (OS, POS and CS) are given above the bar graph.](fpls-08-00628-g002){#F2}

Further, we investigated the effect of ABA on stomatal closure in leaves of transgenics and WT. Under control conditions, transgenics and WT showed similar number of opened and closed stomata. However, the fraction of completely closed stomata in transgenics was considerably lesser (53--74%) as compared to WT (82%) under exogenous ABA treatment (**Figure [2C](#F2){ref-type="fig"}**). This observation indicated that transgenics possess significantly reduced ability of stomatal closure under stress condition.

Rice Transgenics Exhibited Greater Susceptibility to Abiotic Stresses at the Seedling Stage
-------------------------------------------------------------------------------------------

The effect of desiccation and salinity stresses on growth of transgenic and WT seedlings were evaluated. A significant reduction in root and shoot growth was observed in transgenics as compared to WT seedlings under salinity (200 mM NaCl) and desiccation (20% PEG 6000) stresses, whereas all the seedlings appeared healthy under control conditions (**Figure [3A](#F3){ref-type="fig"}**). The average root growth of transgenics was found to be 4--8% as compared to 16% for WT under salinity stress relative to control condition. Similarly, average root growth of transgenics was found to be 13--14% as compared to 30% in WT under DS (**Figure [3B](#F3){ref-type="fig"}**). The average shoot growth of transgenics was 4--5% as compared to 12% in WT under salinity stress, and 14--15% as compared to 36% in WT under DS (**Figure [3C](#F3){ref-type="fig"}**).

![**Over-expression rice transgenic lines show lesser growth as compared to WT plants under abiotic stress conditions at seedling stage.** **(A)** Phenotypes of 12-day-old WT and rice transgenic seedlings (H49 and H74) under control and abiotic stress conditions are shown. Effect of 200 mM NaCl and (--0.4 MPa) PEG 6000 treatment (20% PEG) on root **(B)** and shoot **(C)** growth of WT and transgenic lines are graphically represented. The relative average root **(B)** and shoot **(C)** growth of seedlings grown in abiotic stress conditions were expressed as percentage of average root and shoot growth of seedlings grown on MS medium under control condition. Experiments were performed in three independent biological replicates. Values shown in graphs are mean from a single representative biological replicate (*n* = 15--20). Error bars indicate SE. Bars marked with asterisk (^∗^ *P* ≤ 0.05, ^∗∗^ *P* ≤ 0.01) indicate statistically significant difference.](fpls-08-00628-g003){#F3}

Rice Transgenics Displayed More Susceptibility to Abiotic Stress Conditions at Mature and Reproductive Stages of Development
----------------------------------------------------------------------------------------------------------------------------

Over-expression of *OsHOX24* affected the rate of water loss in transgenic rice. The transgenic leaves exhibited comparatively greater water loss at mature and reproductive stages of development than WT till 210 min of air-drying (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). Detached leaves of WT from the mature and reproductive stage of development retained 69 and 60% of fresh weight as compared to 46 and 47% of fresh weight retained by the transgenic line (H49) following 90 min of air drying, respectively (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). After 210 min of air drying, detached WT leaves taken at the mature and reproductive stage of development retained 34--40% of fresh weight, in contrast to transgenic line (H49) which retained only 26--30% of fresh weight (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}).

To assess the effect of DS at mature vegetative stage, leaf disk assays were performed for transgenics and WT plants using 20% PEG 6000. The transgenic leaves exhibited greater chlorophyll loss as compared to WT (Supplementary Figure [S4](#SM1){ref-type="supplementary-material"}). The chlorophyll content of transgenic lines, H49 (60%) and H74 (61%), was lesser in comparison to WT (86%) under DS relative to control condition (Supplementary Figure [S4](#SM1){ref-type="supplementary-material"}). Further, 2-month-old *UBQ::OsHOX24* transgenic lines and WT were subjected to DS by withholding water for 5 weeks followed by recovery for 15 days. The transgenic lines showed greater wilting of leaves and poor recovery as compared to WT (**Figure [4A](#F4){ref-type="fig"}**). The extent of chlorosis was more prominent in the leaves of transgenic lines as compared to WT (**Figure [4B](#F4){ref-type="fig"}**). The chlorophyll content in transgenic lines was significantly lesser than WT under DS (**Figure [4B](#F4){ref-type="fig"}**). The transgenic lines possessed lesser number of turgid leaves than WT under DS (**Figure [4C](#F4){ref-type="fig"}**). The above observations indicated the higher susceptibility of *OsHOX24* over-expressing transgenics under DS as compared to WT at the mature stage of development as well.

![**Over-expression rice transgenics are more susceptible to desiccation stress (DS) as compared to WT plants at mature and reproductive stages of development.** **(A)** Phenotype of 110-day-old WT and rice transgenic (H49 and H74) plants under control condition (Left) and post DS and recovery (Right). Effect of DS on WT and transgenics on chlorophyll content **(B)** and number of turgid leaves **(C)**. **(D)** Phenotype of 150-day-old WT and transgenic (H49) plants under control condition (Left), and post DS and recovery (Right). Effect of DS on WT and transgenics on chlorophyll content **(E)** and survival percentage **(F)**. The experiments were conducted in at least two independent biological replicates. Values are mean from one representative biological replicate (*n* = 10--15). Chlorophyll content was measured in SPAD units. Error bars indicate SE. Data points marked with asterisk (^∗^*P* ≤ 0.05; ^∗∗^ *P* ≤ 0.01) indicate statistically significant difference.](fpls-08-00628-g004){#F4}

To evaluate the effect of DS at the reproductive stage, 15-week-old WT and *UBQ::OsHOX24* transgenic line (H49) were subjected to DS by withholding water for 30 days followed by recovery for 15 days. Transgenics (H49) showed more compromised growth, greater wilting of leaves and poor recovery than WT (**Figure [4D](#F4){ref-type="fig"}**). The actual chlorophyll content in the transgenic line was evidenced to be much lesser than WT under DS and control condition (**Figure [4E](#F4){ref-type="fig"}**). The chlorophyll content of transgenic line was only 35% as compared to WT under DS (**Figure [4F](#F4){ref-type="fig"}**). In addition, under control condition too, the chlorophyll content of transgenic line was lesser (only 69%) in comparison to WT (**Figure [4E](#F4){ref-type="fig"}**). In addition, the transgenic line exhibited lower survival percentage as compared to WT (**Figure [4F](#F4){ref-type="fig"}**). Only 25% of the transgenic plants survived as compared to WT (50%) under DS (**Figure [4F](#F4){ref-type="fig"}**). The above observations confirmed the susceptible nature of *UBQ::OsHOX24* transgenics under DS as compared to WT at the reproductive stage of development too.

Global Gene Expression Profiling
--------------------------------

To study the effect of *OsHOX24* over-expression in rice, microarray analysis of transgenic line (H49) and WT plants, under control condition and subjected to DS treatment, was performed. The differential gene expression analysis, revealed a total of 3108 significantly (≥twofold, corrected *P*-value ≤ 0.05) differentially regulated genes in the transgenic line as compared to WT under control and/or DS. A total of 1247 and 1896 genes were found to be up-regulated and down-regulated, respectively, in at least one of the conditions analyzed (**Figure [5A](#F5){ref-type="fig"}** and Supplementary Table [S2](#SM2){ref-type="supplementary-material"}). These genes were found to be involved in diverse biological processes. GO enrichment of down-regulated genes in the transgenic line under DS revealed that several cellular metabolic and biosynthetic processes (primary metabolic processes and nucleic acid metabolic processes) were significantly enriched (**Figure [5B](#F5){ref-type="fig"}**). About 7% of the differentially expressed genes belonged to 51 different TF families (Supplementary Figure [S5](#SM1){ref-type="supplementary-material"}). At least 39 and 23 TF-encoding genes were uniquely differentially expressed in the transgenic line (H49) and WT, respectively, whereas 158 genes were found to be commonly differentially regulated in the transgenic line and WT under DS (**Figure [6A](#F6){ref-type="fig"}**). GO enrichment analysis of these TF-encoding genes revealed their involvement in crucial biological processes, including gene expression, developmental processes, metabolic processes, response to abiotic stress and hormone stimulus (**Figures [6B](#F6){ref-type="fig"}--[F](#F6){ref-type="fig"}**). Further, biotic and abiotic stress response pathway overview indicated that genes involved in signaling pathways, hormone signaling (auxin, ABA, brassinosteroid and ethylene), stress-responsive transcription regulatory components (including TFs like ERF, bZIP, WRKY and MYB), redox metabolism and respiratory burst, defense responses, secondary metabolism, proteolysis and cell wall, were enriched in the transgenic line under DS (Supplementary Figure [S6](#SM1){ref-type="supplementary-material"}). This indicated the role of *OsHOX24* in biotic stress responses, besides mediating abiotic stress responses in transgenic rice.

![**Differential gene expression in *OsHOX24* over-expression transgenic (H49) as compared to WT under control and DS.** **(A)** Venn diagrams (Left) representing distribution of up-regulated and down-regulated genes in different conditions. Heat-map (Right) representing expression profiles of differentially expressed genes in H49_WT_CT (differential expression between WT and H49 under control condition), WT_DS (differential expression in WT under DS) and H49_DS (differential expression in H49 under DS) conditions. The average log signal values are shown by color scale. **(B)** The significantly enriched gene ontology (GO) categories in the down-regulated genes in H49. Node size is proportional to the number of genes. Color shading is given according to *P*-value (white: no significant difference; yellow = 0.05, orange \< 0.0000005).](fpls-08-00628-g005){#F5}

![**Differential expression of transcription factor (TF)-encoding genes and functional categorization in *OsHOX24* transgenics.** **(A)** Venn diagram (Left) representing distribution of up-regulated and down-regulated (in parentheses) genes in transgenic (H49) and WT under DS. **(B)** The significantly enriched GO categories in the differentially expressed TF-encoding genes in the transgenic and WT under control and DS. The differentially expressed TF-encoding genes were analyzed using BiNGO. Node size is proportional to the number of genes. Color shading is given according to *P*-value (white: no significant difference; yellow = 0.05, orange \< 0.0000005). **(C--F)** Heat-maps representing expression profiles of differentially expressed TF-encoding genes related to response to abiotic stimulus **(C)**, developmental process **(D)**, response to hormone stimulus **(E)** and metabolic process **(F)** in H49_WT_CT (differential expression between WT and H49 under control condition), WT_DS (differential expression in WT under desiccation and control condition) and H49_DS (differential expression in H49 under desiccation and control condition). The average log signal values are shown by color scale.](fpls-08-00628-g006){#F6}

Overall, the differentially expressed genes were found to be involved in diverse metabolic and developmental processes. The differential expression patterns of selected stress-responsive rice genes, known to be involved in abiotic stress responses, including *LOC_Os07g14610* encoding for IAA-amino acid hydrolase, *LOC_Os01g07120* encoding for OsDREB2A, *LOC_Os07g37400* encoding for OsFBX257, *LOC_Os05g37060* encoding for MYB TF and *LOC_Os12g03050* encoding for NAM TF were validated via real-time PCR analysis (Supplementary Figure [S7](#SM1){ref-type="supplementary-material"}). Overall, the transcriptome analysis of transgenic line and WT under control and DS revealed alteration of several developmentally important and stress-related genes, which explain the susceptible phenotype of rice transgenics as compared to WT.

Discussion
==========

Members of HD-ZIP superclass belonging to homeobox gene family are key plant-specific regulators of developmental program ([@B4]; [@B9]; [@B47]). Some of the HD-ZIP TFs have been implicated in abiotic stress responses as well ([@B35]; [@B1]; [@B22]; [@B56]; [@B43]; [@B7]). Previously, we found at least nine HD-ZIP I genes to be differentially expressed under various abiotic stress conditions in rice ([@B22]). However, functionality of very few rice HD-ZIP I subfamily members has been investigated *in planta* till now ([@B58]; [@B7]). Recently, we characterized two HD-ZIP I members, namely *OsHOX22* and *OsHOX24*, and suggested their role in abiotic stress responses via raising over-expression transgenics in model plant Arabidopsis ([@B7]). It is likely that a gene shows similar function in different plant systems. However, there are some evidences where over-expression of the same gene has resulted in varied phenotypes of transgenics in diverse plant systems ([@B23]; [@B2]; [@B60]).

In the present study, we carried out functional characterization of *OsHOX24* by raising over-expression transgenic lines in crop plant rice to ascertain its function in abiotic stress responses and prove its potential in engineering stress tolerance in crop plants as well. The transgenic rice over-expressing *OsHOX24* showed compromised phenotype in comparison to WT plants at reproductive stage of development, which suggested the role of *OsHOX24* as a potential developmental regulator in rice. However, its exact role in rice development needs to be explored further in more detail. Our observations corroborated the findings in previous reports, where over-expression of TF-encoding genes, *Oshox22* and *OsDof12* led to altered phenotype in rice transgenics at reproductive stage of development ([@B58]; [@B54]). Seed germination and root/shoot growth assays, revealed the susceptible nature of rice transgenics at seedling stage under desiccation, salinity and osmotic stresses. Similar observations were witnessed when transgenic Arabidopsis over-expressing *OsHOX24* were analyzed vis-a-vis WT plants under abiotic stress conditions ([@B7]). *OsHOX24* over-expression transgenic rice lines were more susceptible to abiotic stresses as compared to WT under DS treatment at mature and reproductive stages of development as well. In our previous study, transgenic Arabidopsis over-expressing *OsHOX24* were also found to be more susceptible to water-deficit stress as compared to WT plants at mature stage of development ([@B7]). Similar results were observed when *Oshox22* was over-expressed in Zhonghua rice cultivar and transgenics were subjected to drought and salinity stresses ([@B58]). In contrast, *Oshox22* mutant line was found to be tolerant to drought and salinity stresses at seedling stage ([@B58]). Our findings can be correlated with other studies which have demonstrated the negative regulatory role of homeobox TFs, including OsBlHD1, Oshox22, and other TFs, such as OsAP2-39, OsbZIP52 and OsABI5 ([@B28]; [@B61]; [@B51]; [@B27]; [@B58]).

The crucial function of ABA has already been delineated in abiotic stress responses in plants ([@B11]; [@B16]). In the last decade, ABA responsiveness of some HD-ZIP I family members in Arabidopsis and rice has been reported ([@B35]; [@B49]; [@B58]). We have reported transgenic Arabidopsis seedlings over-expressing *OsHOX24* to be more sensitive than WT seedlings under exogenous ABA treatment ([@B7]). Here also, we observed enhanced sensitivity of *OsHOX24* rice transgenics under exogenous ABA treatment at the seedling stage, which suggested an ABA-dependent mode of action of *OsHOX24* in stress responses. Stomatal closure is known to be a stress-adaptive mechanism in plants to prevent water loss ([@B36]). We found that *OsHOX24* rice transgenics possessed impaired ability of stomatal closure as compared to WT due to higher sensitivity to ABA, which suggested the role of *OsHOX24* in modulating abiotic stress responses in rice.

Varied abiotic stress responses in plants result from the interplay of events related to several metabolic pathways ([@B26]; [@B34]; [@B18]). The transcriptome analysis of rice transgenics over-expressing OsHOX24 and WT plants revealed downregulation of several genes related to cellular metabolism and macromolecular biosynthetic processes in the desiccation-stressed transgenics, which might contribute to the higher sensitivity of transgenics under DS. Notably, many of the differentially expressed genes were found to be involved in diverse biological pathways implicated directly or indirectly in abiotic stress responses. TFs are well known to orchestrate abiotic stress responses in plants ([@B33]; [@B45]). We witnessed differential expression of greater number of TF-encoding genes (involved in metabolic processes, developmental processes, besides abiotic and hormone stimulus) in the transgenic line, which may be contributing to the susceptible nature of transgenics under DS. Transcriptome analysis of transgenic Arabidopsis over-expressing *OsHOX24* under control condition also revealed the existence of such diverse downstream target genes of OsHOX24 in our previous study ([@B7]).

The role of plant hormones in abiotic stress responses has been well documented ([@B50]; [@B53]). Particularly, auxins have been delineated to have integral functions in plant development as well as abiotic stress responses ([@B19]; [@B25]; [@B41]). We observed differential expression of various genes involved in hormonal signaling, namely auxin, ABA, ethylene and brassinosteroid signaling in the desiccation-stressed transgenics. Receptor-like kinases have been reported to act as major signaling components of plant development, in addition to abiotic stress responses ([@B30]; [@B37]). We observed differential regulation of several such genes encoding for signaling molecules in the desiccation-stressed transgenics. In addition, elevated levels of secondary metabolites have also been reported in plants under abiotic stress conditions ([@B15]; [@B26]). Differential regulation of genes encoding for secondary metabolites was also witnessed in the transgenic line under DS. Alteration in the transcript level of these genes might change the physiology of transgenics leading to enhanced sensitivity. We speculate that even though, some of the stress-responsive genes were upregulated under stress condition, the collective effect of their gene products, i.e., protective molecules and secondary metabolites may not have been sufficient enough to elicit stress tolerance in transgenics. We detected relatively lesser extent of upregulation of many of the stress-responsive genes in the transgenics as compared to WT, which have been reported to play vital roles in plant abiotic stress responses and few among them have been found to elicit stress tolerance in transgenics ([@B20]; [@B55]; [@B10]; [@B39]; [@B8]; [@B44]). Interestingly, we found differential regulation of genes encoding for pathogenesis related (PR) proteins also in *OsHOX24* transgenic line. This suggested that OsHOX24 might be involved in mediating crosstalk between abiotic and biotic stress responses in rice.

Conclusion
==========

We demonstrated that over-expression of *OsHOX24* enhances the susceptibility of transgenic rice under different abiotic stress conditions at the seedling, mature, and reproductive stage of rice development. The over-expression of *OsHOX24* in rice leads to compromised growth at reproductive stage of development. Transcriptome analysis of transgenic rice and WT plants under DS and control condition led to identification of several plausible direct or indirect downstream targets of OsHOX24. These results can provide a new dimension to OsHOX24-mediated gene regulation. Altogether, the involvement of *OsHOX24* in abiotic stress responses besides plant development suggests its potential to be used as a promising candidate for crop improvement. In future, *OsHOX24* knock-down/knock-out transgenic lines can be raised to generate abiotic stress-tolerant rice plants.
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